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ABSTRACT. Anisotropie densifícation of glass powder 
compacts. 
The sintering of a non-spherical aluminosilicate glass 
powder was investigatid using a heating microscope. The 
samples showed shrinkage anisotropy. The densifícation 
rate shows a stronger dependence on density than the 
prediction of Scherer's theory. The ratio of the creep rate 
due to anisotropic shrinkage to the densifícation rate 
shows no signifícant variation with density but it depends 
on the degree of shrinkage anisotropy. 
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RESUMEN. Densifícación anisotrópica de compactos 
de polvos de vidrio. 
Se estudia en este trabajo la sinterización de polvos 
de vidrio de silicoaluminato no esféricos, mediante mi-
croscopía de calefacción. Las muestras presentaron con-
tracción anisotrópica y la velocidad de densifícación 
presenta una dependencia más fuerte con la densidad 
que la que predice la teoría de Sherer. El cociente entre 
la velocidad de fluencia debido a la contracción anisotró-
pica y la velocidad de densifícación no muestra una 
variación signifícativa con la densidad pero sí depende 
del grado de contracción anisotrópica. 
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1. INTRODUCTION 
The sintering of glass has been frequently investigated 
and important results concerning densifícation and creep 
during sintering have been obtained. Most of these works 
were performed by means of dilatometric measurements and 
by apphcation of low uniaxial stresses (1,2). 
Experimental results have been compared with the 
predictions of theoretical models for viscous sintering, 
Scherer's model (3) being the one that appears to have a 
broader apphcability than other available models (4) be-
cause it assumes a particular geometry that can be applied 
to the entire densifícation process. 
Earher experimental work of Rahaman et al. (1) on 
sintering of crushed soda-lime glass powder provided 
interesting results that however showed ambiguity by the 
comparison with the predictions of Scherer's model. For 
example both the densifícation rate and the creep viscosity 
showed a much stronger dependence on density compared with 
the theoretical predictions. They also found that the shrinkage 
of the samples was less in the radial than in the axial direction, 
in contrast to previous investigations on the sintering behaviour 
of cordierite-type glass powder (5,6) where the ratio of the axial 
to the radial shrinkage was about 0.7 for samples formed by 
pressing in the axial direction. 
In a recent paper Rahaman and De Jonghe (2) have 
studied the sintering of a well characterized spherical 
borosilicate glass powder and they found in this case excel-
lent agreement with Scherer's theory. The direction of the 
anisotropic shrinkage coincided with the results of Giess et 
al. (5,6), i.e. the samples shrank more in the radial than in 
the axial direction. Particle aligment produced during com-
paction and non uniform binder burnout appear to be the 
main causes of the unexpected shrinkage anisotropy ob-
served for the crushed soda-lime glass powder (1). In recent 
paper (2) the necessity of further work in this field was 
emphasized in order to determine if the strong dependence 
of the densifícation rate on density is a general result for 
nonspherical glass powders and to investigate the causes of 
the unexpected shrinkage anisotropy also found earlier. 
In this work results for the densifícation and creep rates 
during sintering of a non-spherical aluminosilicate alkali-
free glass powder are reported. The sintering was performed 
in a heating microscope, that allowed monitoring of the axial 
and radial shrinkage without the exertion of any external 
load. The densifícation rate obtained from the measurements 
is compared with the predictions of Scherer's theory. A 
similar investigation, but dealing with a borosilicate glass 
powder has been already conducted (7). 
2. EXPERIMENTAL 
The non-spherical glass powder used was a commercially 
available* aluminosiUcate alkali-free glass with a mean 
particle size of 8 |im and theoretical density of 2.57 g/cm^. 
The powder was used in the as-received condition and the 
particle morphology was analyzed using SEM. Green 
cylindrical compacts (5 mm. in diameter by 5 mm.) were 
obtained by uniaxial pressing at room temperature without 
the addition of any binder. Pressures of 25 MPa were used 
to reach green densities of 0,54 ± 0,02 of the theoretical. 
Sintering was performed in a heating microscope* for 
2 hours at 850° C. in air without the exertion of any external 
load. The samples were placed on an alumina plate, their 
axis coinciding with the vertical. After sintering, the com-
pacts retained their cylindrical shape, so that friction between 
sample and substrate could be neglected. The furnace was 
first heated to the sintering temperature and then the com-
pacts were introduced quickly, so that all the sintering 
process was performed at isothermal conditions. During the 
sintering process, photographs of the samples were taken, 
which allowed the measurements of instantaneous lengths 
and diameters and hence the calculation of axial and radial 
Recibido el 17-8-92 y aceptado el 4-12-92. 
* Schott 8409, Schott Glaswerke, Mainz, Germany. 
* Leitz Wetzlar, Wetzlar, Germany. 
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shrinkage. The mass and dimenssion of green and sintered 
compacts were measured and the geometrical densities 
determined. The final density of the sintered compacts was 
also measured using Archimede's principle. SEM was used 
to microstructural examination of sintered compacts. 
3. RESULTS AND DISCUSSION 
Fig. 1 shows a SEM micrograph of the glass powder used. 
The nonspherical character of the particles is evident. 
The density of the compacts at given times during sinte-
ring was determined from the green density and the 
measured shrinkage using the relation 
P = 
Po 
(1-AR/Ro)^ (1-AL/Lo) [1] 
where AR = Ro -R and AL = Lo -L. Ro, Lo are the initial 
radius and length of the sample and R, L are the respective 
instantaneous values. 
Fig. 1. SEM micrograph of the aluminosilicate alcali-free glass powder used. 
The relative density as a function of sintering time is 
represented in fig. 2. The data shown are an average of two 
runs under the same conditions and they were reproducible 
to within ±4 %. 
From the data for the axial and radial shrinkage, the 
respective strain rates were calculated, as in earlier works, 
using the following relations (1,2): 
^ ^ d[ln(L/Lo)] 
[2] 
er = 
dt 
d[ln(R/Ro)] 
dt [3] 
Fig. 3 shows the results for axial (8z) versus radial (Er) 
strain, indicating the anisotropic character of the densifica-
tion. The shrinkage is lower in the axial than in the radial 
direction as expected. This result coincides with the results 
for spherical and non-spherical borosilicate glass pow-
der (2,7) and for cordierite-type glass powder (5) but is quite 
different from that found in the earlier work on crushed 
soda-lime glass powder (1), in which the samples shrank 
more in the axial direction. 
This result confirms that anisotropy in shrinkage is not 
only influenced by particle shape but also other factors, such 
as particle size distribution, particle ahgnment and process-
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Fig. 2. Relative density versus sintering time for cylindrical glass powder 
compacts sintered at 850° C under no external load. The axis of the sample 
coincides with the vertical. 
ing conditions (temperature, binder burnout, green density) 
should be relevant. The slope of the straight line in fig. 3 is 
the strain anisotropy ratio £z/£r and its value is 0.85, a little 
lower than the shrinkage anisotropy found in previous works 
(2,5,7). The values for the densification (èp) and creep (èc) 
rates can be determined according to the formulation intro-
duced by Rak (8) and already used (1,2,7): 
èc = | (éz-ér) 
ép = -^  = - (éz + 2 ér) 
P 
[4] 
[5] 
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Fig. 3. Axial strain versus radial strain for the conditions described in 
Figure 2. 
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Although in the present experiments there are no applied 
loads, the word «creep» is used to be in agreement with the 
related literature (1,2). 
The experimental results for ep and èc as a function of 
density are shown in fig. 4. 
Following a suggestion of Rahaman and De Jonghe (2), 
an objective of this work is to provide experimental data for 
Fig. 4. Creep rate and densification rate obtained fi^om the measurements 
versus relative density. Also shown are the theoretical values fi)r densification 
rate from Scher er's model 
M&ma-:.JÊ^, 
Fig. 5. Pore micro structure of a glass compact sintered to a relative 
density of 0.8. 
between theory and experiment. As shown in (9), the varia-
tion of the densification rate depends on the pore size 
distribution. 
An interesting result of these experiments is that the 
ratio éc/èp is independent of the density as shown in fig. 6. 
The relation between creep rate and densification rate for 
this glass powder sintered at SSO'* C can be written as 
8c = 0.035 en [8] 
Rahaman et al. (1) found a value of 0.14 for the ratio èc/èp 
studying the sintering of crushed soda-lime glass powder at 
605° C. If the temperature does not play a role by affecting 
the densification rate of the non-spherical borosilicate glass 
powder as a function of density and to compare these results 
with the theoretical predictions of Scherer's model. Accor-
ding to this model (3) the densification rate of a compact 
with isotropic pore size distribution is given by 
(2-3.6 g//) 
{aAy'\\-\2aA) ,2/3 [6] 
where C is a constant related to material and geometrical 
properties, a and / are respectively the radius and length of 
the cylinders of the model. aA and the density are related by 
the equation. 
p = 3Ii{a/lf-%<2{a/lf [7] 
In fig. 4 are represented the theoretical results for ep. The 
constant C in Eq. 6 was arbitrarly chosen to give agreement 
between theory and experiment at the beginning of the 
sintering process. It is seen that the experimental densifica-
tion rate shows a stronger variation than predicted by 
Scherer's theory. As in the previous work (1), this deviation 
between theory and experimental can be explained consider-
ing the differences between the actual pore morphologies 
and that assumed in the model (3), consisting of cylinders 
connected into a cubic array. The pore microstructure of a 
sample sintered to a relative density of 0.8 is shown in fig. 5 
indicating the departure of the real pore shapes from the 
model geometry. The presence of a distribution in pore sizes, 
as also indicated in fig. 5, may also lead to the deviation 
0.5 0.6 0.7 0.8 0.9 
Fig. 6. Ratio of creep rate to densification rate versus relative density. 
this ratio because both processes (creep and densification) 
occur by the same mechanism of viscous flow, the lower 
creep rate found in this study can be due to a more uniform 
compact microstructure and therefore lower anisotropy in 
the shrinkage. Indeed, the ratio zjz^ found in this study is 
0.85 while in the case of crushed soda-lime glass powder (1) 
this ratio was 1.8. FromEq. 4 and 5 and considering that the 
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Fig. 7. Variation of the ratio of creep rate to densification rate with the 
grade of shrinkage anisotropy. 
ratio of the axial to the radial shrinkage remains constant 
during the sintering process (zJZr = k) it is possible to 
write 
¿ c ^ 2 / 3 l k - l l 
ép (2 + k) [9] 
Fig. 7 shows the experimental values for the ratio èc/ép 
from this study and according to Rahaman et al. (1) plotted 
versus the respective anisotropy ratio k = Cz/er- Also is 
shown the curve represented by Eq. 9. Thus, it is possible to 
imagine a way of varying the ratio èc/ép without the exertion 
of external loads and only with variation of the degree of 
anisotropy of shrinkage. 
4. CONCLUSIONS 
Using the heating microscope provides an appropriate 
experimental method to study the sintering kinetics: data for 
creep and densification rates are obtained without the exer-
tion of external loads. 
The non-spherical aluminosilicate alkali-free glass pow-
der sintered at 850" C showed the expected shrinkage 
anisotropy, i.e. the samples shrank less in the axial direction, 
which is the direction of pressing during the formation of 
green compacts. 
The densification rate showed a stronger dependence on 
density than the prediction of Scherer's model. Differences 
between actual pore morphologies and that assumed in the 
model and the presence of a pore size distribution are 
the reasons for these deviations. 
The ratio of the creep rate to the densification rate is 0.035 
and it is almost independient of the density. It is interesting 
to observe that this ratio can be increased by enhancing the 
degree of anisotropy of shrinkage, which is the unique source 
of creep when no extemal loads are exerted during sintering. 
Acknowledgment 
The author wish to thank Miss Anne Nellessen for 
carrying out part of the experiments. 
REFERENCES 
1. RAHAMAN, M . N. ; DE JONGUE, L. C ; SCHERER, G. W . 
y BROOK, R. J.: Creep and Densification During Sinte-
ring of Glass Powder Compacts, /. Am. Ceram. Soc, 70 
(1987), 10, 766-74. 
2. RAHAMAN, M . N . and D E JONGUE, L. C : Sintering of 
Spherical Glass Powder under a Uniaxial Stress, /. Am, 
Ceram. Soc, 73 (1990), 3, 707-12. 
3. SCHERER, G. W.: Sintering of Low-Density Glasses: I 
Theory, /. Am. Ceram. Soc, 60 (1977), 5-6, 239-43. 
4. MACKENZIE, J. K. y SHUTTLEWORTH, R. A.: Phenome-
nological Theory of Sintering, Proc Phys. Soc London, 
62 (1949), 12 B, 833-52. 
5. Gffiss, E. A.; FLETCHER, J. P. y HERRON, L. W.: Iso-
thermal Sintering of Cordierite-Type Glass Powders, /. 
Am. Ceram. Soc, 67 (1984), 8, 549-52. 
6. GIESS, E. A.; GUERQ, C. F.; WALKER, G. F. y WEN, S. H.: 
Isothemial Sintering of SphetDized Cordierite-Type Glass Pow-
ders, J. Am Ceram. Soc, 68 (1985), 12, C-328-C329. 
7. BOCCACCINI, A. R. y ONDRACEK, G.: Viscous sintering 
of non-spherical borosiUcate-glass powder, Glastech. 
Ber., 65 (1992), 3, 73-78. 
8. RAJ, R.: Separation of Cavitation-Strain and Creep-
Strain During Deformation, /. Am. Ceram. Soc, 65 
(1982), 3, C-46. 
9. SCHERER, G. W.: Viscous Sintering of a Bimodal Pore-
Size Distribution, J. Am. Ceram. Soc, 67 (1984), 11, 
709-15. 
30 BOL. SOC. ESP. CERAM. VIDR. VOL. 32 - NUM. 6 
